We isolated and characterized cDNA clones (PKG I␣ and PKG I␤) for medaka fish cGMP-dependent protein kinase (PKG) I␣ and I␤, and demonstrated that both are expressed in the embryos after late gastrula stage. Whole-mount in situ hybridization using each isoformspecific probe revealed that the transcripts of the PKG I␣ gene were present in the spinal cord and gill arch, whereas those of the PKG I␤ gene were only weakly expressed in these organs, but highly expressed in the otic vesicles. Injection of PKG I␣-specific morpholino antisense oligonucleotides (I␣-MO) into two-cell stage medaka fish embryos caused severe abnormalities in the developing embryos, such as the development of a hammer-like head, fusion of the developing eyes, and degeneration of cells around the eyes, whereas injection of PKG I␤-specific morpholino antisense oligonucleotides (I␤-MO) caused fewer abnormalities in the embryos, even when injected at higher concentrations than I␣-MO. The PKG I-overexpressing embryos exhibited smaller eyes and enlargement of the forebrain, a phenotype similar to that observed in the cAMP-dependent protein kinase (PKA)-depressed embryos. In the PKGdeficient embryos, a sonic hedgehog (shh)-target gene, HNF-3␤, was expressed weakly, and this phenotype was similar to that observed in the PKA-overexpressing embryos suggesting that the cGMP/PKG signaling pathway is involved in some steps of shh signaling. We also demonstrated that Gli proteins, shh-downstream molecules, are phosphorylated by the NO/cGMP signaling pathway, probably by PKG in NG108-15 neuroblastoma cells. These results imply that PKG and PKA share common substrates and work in an opposite manner during the early embryogenesis of medaka fish.
As the intracellular second messengers, the cyclic nucleotides alter various cellular functions predominantly by activation of specific protein kinases. It is known that natriuretic peptides and/or nitric oxide (NO) 1 are involved in many biological events, such as the regulation of vascular smooth muscle tone, reabsorption of salt and fluid into the kidney, platelet aggregation, and synaptic transmission (1) . Natriuretic peptides and/or NO activate guanylyl cyclases (GCs) that catalyze the conversion of GTP to cGMP, followed by activation of downstream effectors like cGMP-dependent protein kinase (PKG), phosphodiesterase, and cyclic nucleotide-gated cation channels (1) . PKG, a member of the cyclic nucleotide-dependent protein kinase family in which cAMP-dependent protein kinase (PKA) is also included, is a major target protein of cGMP. It has been reported that in mammals there are two distinct isoforms of PKG (PKG I and II) (2) . PKG I is a soluble protein expressed mainly in blood platelets, smooth muscle, and the cerebellum (3) , and PKG II is a membrane-anchoring enzyme expressed primarily in the intestines, brain, kidney, and bone (4) . To date, cDNAs (PKG I␣ and PKG I␤) for two isoforms of PKG I have been isolated (5) , and their primary structures differ only in the N-terminal region, which is considered the essential region for dimerization.
Loss of the PKG I gene abolishes NO/cGMP-dependent relaxation of smooth muscle and causes severe vascular and intestinal dysfunction in mice (6) . On the other hand, PKG II-deficient mice exhibit heat-stable enterotoxin (STa) resistance and display dwarfism because of a severe defect in endochondrial ossification at the growth plate (7) . In Drosophila, the mutagenesis of the gene for DG2, a Drosophila homologue of mammalian PKG, demonstrated that PKG is involved in the regulation of complex feeding behavior (8) . However, to date there have been only a few papers dealing with the function of PKG in the early development of vertebrate embryos. It has been reported that the PKG I gene is expressed in the spinal cord of early developing mammalian embryos (9) , and the NO/ cGMP signaling pathway, probably via PKG I, is involved in many developmental events, especially in development of the central nervous system (10) .
In contrast to PKG, there are many papers dealing with the roles of PKA in developing embryos, especially in neural patterning and organogenesis (11) (12) (13) . It has been reported that in Drosophila PKA participates in patterning of the imaginal disc as a component of the sonic hedgehog (shh) signaling pathway, and the mutation in the catalytic subunit of PKA causes severe defects in the formation of the imaginal disc and in vertebrates, suggesting that PKA participates in the shh-signaling pathway (14, 15) . Loss of the PKA activity causes the cells to be autonomous, Hh-independent, and active in transcription of the Hh target genes (15) , suggesting that PKA acts as a common negative regulator of the Hh signaling pathway. In zebrafish, it has been demonstrated that injection of mRNA encoding the dominant negative form of PKA leads to the expansion of proximal fates in the eyes, ventral fates in the brain, and irregular somite patterns, whereas injection of the constitutively active form of PKA causes ventral-specific defects in the anterior central nervous system because of the suppression of the Hh signaling pathway (16) . Furthermore, it has been reported that transcriptional factors, Gli proteins, having a zinc finger motif in the DNA-binding domain, work as downstream molecules in the shh signaling pathway. In vertebrates such as humans, mice, Xenopus, and zebrafish, three gli genes (gli1-gli3) have been identified. Sasaki et al. (17) reported that HNF-3␤, which is well known as a floor plate-specific Gli-target gene, contains Gli-binding sites, and its translation product determines the dorsal-ventral patterning of the neural tube (17) . It has been reported that Gli3 and Ci (Cubitus interuptus), the translation products of the Drosophila homologues of the Gli genes, are bipotential transcriptional regulators, and their processing and transcription are regulated through the phosphorylation by PKA (18) .
In this study, we focused on the function of PKG I in medaka fish embryogenesis and examined its temporal and spatial expression patterns and the effects of knockdown and overexpression of PKG I␣ and PKG I␤ on the embryogenesis. Here, we report that the NO/cGMP/PKG signaling pathway is involved in phosphorylation of Gli proteins and plays an important role in embryogenesis in a manner opposite to the cAMP/PKA signaling pathway, presumably because of different output events from the substrate phosphorylated by PKA and/or PKG.
EXPERIMENTAL PROCEDURES
Animals-Mature adults of the orange-red variety of the medaka fish Oryzias latipes were maintained as described previously (19) . The medaka fish developmental stage was expressed in the manner described by Iwamatsu (20) .
Cell Culture-NG108-15 cells, a hybrid cell line of mouse neuroblastoma (N18TG-2) and rat glioma (C6BU-1), were cultured in Dulbecco's modified Eagle's medium high-glucose (Invitrogen) supplemented with 10 mM hypoxanthine (Invitrogen), 0.1 mM aminopterin (Sigma), 1.6 mM thymidine (Invitrogen), and 5% fetal bovine serum (HyClone, Logan, UT) in a humidified incubator equilibrated with 10% CO 2 , 90% air at 37°C. Culture medium was changed every 2-3 days to fresh medium and the cells were subcultured before reaching ϳ70% confluence.
5Ј-Rapid Amplification of cDNA Ends (5Ј-RACE) of Medaka Fish PKG I␣ and PKG I␤-To obtain the full-length cDNA sequences of PKG I␣ and PKG I␤, the 5Ј portion of a cDNA fragment obtained by the procedure described previously (10) was amplified by oligo-capping 5Ј-RACE with a First Choice RLM-RACE kit (Ambion, Austin, TX). The primers used for the 5Ј-RACE method were as follows: PKG I 5R-1, 5Ј-ACAGGGTACATGCAGTCCACGG-3Ј; PKG I 5Ј-outer, 5Ј-GAGTT-TCTCTGAACGAATGTGCTCC-3Ј for PKG I␣ and PKG I␤, respectively. Nested PCR was performed with a 5Ј-RACE inner primer and genespecific primers as follows: PKG I 5r-2, 5Ј-CATGAAGTCATTATCCAA-GATGGC-3Ј; G1up, 5Ј-TGAACCAGCTCGACACGTCC-3Ј for PKG I␣ and PKG I␤, respectively. PCR conditions were as follows: 30 cycles at 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and an additional incubation at 72°C for 5 min. The amplified cDNA fragment was subcloned into pBluescript II KS(ϩ) (Stratagene, La Jolla, CA) and sequenced.
Reverse Transcriptase-PCR-First strand cDNAs were reverse-transcribed from the 4 g of total RNA obtained from the medaka fish embryos at various developmental stages. The PKG I isoform-specific primers used for reverse transcriptase-PCR were as follows: 5r-1, 5Ј-ACTGTTGGAGCATCATCGCG-3Ј; PKG I forward, 5Ј-CGCGGATC-CGAACACTGCGTTTGCTGG-3Ј for the detection of PKG I␣ and PKG I␤, respectively. The reverse primer was designed based on the sequences conserved among two PKG I variants: PKG I_5R(ex2)-2nd, 5Ј-CATGAAGTCATTATCCAAGATGGC-3Ј. The amplification conditions were 30 s at 96°C, 30 s at 50°C, and 30 s at 72°C for 30 cycles.
Plasmid Construction-An expression vector of mouse PKA dominant active mutant (PKA*; Ref. 21 ) was constructed as follows: a 1.2-kilobase pair cDNA containing the coding region and the 110-bp 3Ј-UTR for the mouse PKA catalytic subunit was amplified from the first strand cDNA of mouse kidney with the primers (mAC Cat-forward, 5Ј-ACCTTAGCACCCGCCGCGTCGC-3Ј; mAC Cat-reverse, 5Ј-CATGG-AACTCTAGGGCCCTCTG-3Ј), and then subcloned into pBluescript II KS(ϩ) (Stratagene). A carrying mutation was amplified by PCR with the following primers: H87Q-forward, 5Ј-AGCAGATCGAGCAAACTC-TGAATGA-3Ј; H87Q-reverse, 5Ј-TCATTCAGAGTTTGCTCGATCTGC-T-3Ј; T196R-forward, 5Ј-AAGGCCGTACTAGGACCTTGTGTGG-3Ј; T196R-reverse, 5Ј-CCACACAAGGTCCTAGTACGGCCTT-3Ј. Both the mutated cDNA fragments were ligated with the EcoRI site and subsequently ligated into the BamHI/XhoI site of pCR3.1 expression vector (Invitrogen). A mouse PKI␣ cDNA fragment was amplified with the following primers: mPKI␣-Kozak, 5Ј-GCCACCATGGCTGATGTGGAA-ACTAGGT-3Ј; mPKI␣-Rev, 5Ј-ATGACCGTCAGAATGGAGTG-3Ј. The resultant cDNA fragment was subcloned into pBluescript II KS(ϩ) and sequenced, and then it was ligated into the BamHI/XhoI site of the pCR3.1 expression vector (Invitrogen). Medaka fish PKG I-⌬93V was constructed as follows: a cDNA fragment including the coding region and 3Ј-UTR was amplified by the primers synthesized based on the sequences as reported previously (10) . These were ⌬93V KpnI_Kozak, 5Ј-GGGGTACCGCCACCATGGTCACCCTGCCTTTCTACCCCAA-3Ј and PKG I_3ЈUTR_EcoRI, 5Ј-CGGAATTCACATTGTAAATGCTT-TATCC-3Ј.
Mouse PKG I-⌬349A containing the coding region was amplified with the following primers: ⌬349A/Kozak_KpnI, 5Ј-GGGGTACCGCCAC-CATGGCATATGAGGACGCAGAAGCA-3Ј and mPKG-Rev/XbaI, 5Ј-GCTCTGAGTTAGAAGTCTATGTCCCACGG-3Ј. The amplified cDNA fragment was subcloned into the KpnI/XbaI site of pBluescript II KS(ϩ) with SV40 poly(A) signal sequences, or the same site of pCR3.1 expression vector.
Microinjection of Synthesized mRNA or a Morpholino Antisense Oligonucleotide into Medaka Fish Embryo-The plasmids pBS_SV-PKG I ⌬349A and pBS_SV-PKG I ⌬93V were linearized with BamHI, pCR3.1-PKA* and pCR3.1-mPKI␣ with XhoI. Capped mRNA was synthesized in vitro using mMESSAGE mMACHINE (Ambion) according to the manufacturer's instructions. The quality of the synthetic RNA was examined by ethidium-agarose gel electrophoresis and the concentration was determined spectrometrically.
The following morpholino antisense oligonucleotides (MOs) targeting the medaka fish PKG I␣ and PKG I␤ mRNAs were purchased from GeneTools, LLC (Corvalis, OR): I␣-MO, 5Ј-CAAAGTCCTCCTCCAG-GTCGCTCAT-3Ј and I␤-MO, 5Ј-ACTGGAGGTCGCGCAAAGTGCC-CAT-3Ј (the sequence complementary to the predicted start codon is underlined). MOs were dissolved in phosphate-buffered saline (PBS) at concentrations from 1.7 to 4.0 g/l and injected into 1-or 2-cell stage medaka fish embryos as described previously (22) .
Whole-mount in Situ Hybridization-The plasmid vector pBluescript II KS(ϩ) containing the cDNA fragments of PKG I␣, PKGI␤, or HNF-3␤ was used as a template for labeling the RNA probe. Whole-mount in situ hybridization was performed as described previously (23) . Hybridization with HNF-3␤ was carried out for 16 h at 65°C, and that with PKG I␣ and PKG I␤ was performed for 48 h at 65°C. After the coloring reaction, the dehydrated embryos were mounted in 87% glycerol or 2% methylcellulose in 0.85ϫ PBST (phosphate-buffered saline with Tween 20) .
Construction of FLAG-tagged Gli Expression Plasmids-The Nterminal FLAG-tagged Gli fusion vectors were constructed for the phosphorylation experiments with PKG I. The Gli-coding region was amplified by PCR with total RNA of the mouse newborn brain using the following primers. For Gli1 amplification: gli1Fwd, 5Ј-AGGTCCCCTC-ATCCTTCCCTGAGAGC-3Ј; and gli1Rev, 5Ј-GAGACACATCCCAATC-AGGTCAGGTGAGATGA-3Ј. For Gli2 amplification: gli2Fwd, 5Ј-GCC-TCTGAGATGGAGACTTCTGCCC-3Ј; and gli2Rev, 5Ј-CTAGACCCTC-ATATTCCCCAAGGGGC-3Ј. For Gli3 amplification: gli3Fwd, 5Ј-GAC-AAGACATTATGGAGGCCCAGGC-3Ј; and gli3Rev, 5Ј-AGACACATCC-CAATCAGGTGAGATGAC-3Ј. Amplification conditions were as follows: 30 cycles of 30 s at 96°C, 30 s at 60°C, and 3 min at 72°C. The amplified cDNA fragments were subcloned into pBluescript II KS(ϩ) and sequenced. Then, they were ligated into the HindIII/XbaI site for Gli1, the EcoRI/BamHI site for Gli2, and the NotI/SalI site for Gli3 of p3xFLAG CMV vector (Sigma). All plasmid DNAs were purified with the QIAprep Spin Mini prep kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. . After 48 h, the cells were washed with PBS and lysed with an ice-cold lysis buffer containing 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 10 mM Tris-HCl (pH 7.5). The lysate was homogenized by sonication and centrifuged at 6000 ϫ g for 1 h. The resultant supernatant was subjected to SDS-PAGE with a 5% gel to separate unphosphorylated Gli from phosphorylated Gli, and then transferred electrophoretically to an Immobilon TM polyvinylidene difluoride membrane (Millipore, Bedford, MA). After blocking with Block Ace (Dai-nippon Pharmaceutical Co., Ltd., Osaka, Japan), the membrane was incubated in a solution containing 1:2000 diluted anti-FLAG M2 monoclonal antibody (Sigma) for 1 h at room temperature. The membrane was washed with PBST several times, and the immunoreacted protein bands were detected by chemiluminescence using CDP-star ready-to-use (Roche).
Transfection into NG108-15 Cells and SDS-PAGE-Plasmid
Luciferase Assay-For the reporter assay, a reporter construct with intact (GliBS-Luc) or mutated (GlimBS-Luc) sequences containing the repeated Gli-binding sites (the kind gift of Dr. Hiroshi Sasaki, RIKEN CDB, Kobe, Japan) was transfected into NG108-15 cells (1.5 ϫ 10 5 cells/6-well plate) by the Lipofection method. A lipid/DNA mixture containing 1.5 g of the effector vector, 1.5 g of the reporter vector, 0.5 g of the internal control vector (phRL-TK, Promega), and 1 g of PKA* or PKG I-⌬349A was transfected into the cells. Five hours later, the medium was exchanged for fresh medium, and the cell culture was continued either with or without addition of 100 M S-nitroso-N-acetylpenicillamine or 250 M 8-Br-cGMP. After 36 h, the cells were washed with PBS and then harvested with 250 l of 1ϫ Passive Lysis Buffer (Promega, Madison, WI), followed by centrifugation at 7000 ϫ g for 5 min to pellet the residual cellular debris. A dual luciferase assay was performed as described previously (23) . Luciferase activity was calculated as the ratio of activities between firefly luciferase (GL) because of the reporter vector and Renilla luciferase as an internal control. All transfections were carried out in duplicate experiments.
Other Methods-The nucleotide sequence was determined by the dideoxy chain termination method (24) with an Applied Biosystem 3100 Genetic analyzer. Data were analyzed with DNASIS software (Hitachi Software Engineering Co., Yokohama, Japan) and GENETYX-MAC/ version 7.2.0 software (Software Development, Tokyo, Japan). The homology search was performed at the NCBI BLAST Website (ncbi.nlm. nih.gov/BLAST/). RNA-or MO-injected embryos and in situ hybridization samples were observed under a light microscope (BX50W1: Olympus, Japan; MZ8: Leica, Switzerland).
RESULTS
Cloning of Full-length cDNA of Medaka Fish PKG I-In a previous study, we isolated a partial cDNA fragment of medaka fish PKG I (10) . In this study, to obtain the full-length nucleotide sequence of PKG I cDNA for further examination of the expression pattern and the functional analysis during embryogenesis, we performed the 5Ј-RACE of medaka fish PKG I using the oligo-capping method. Similarly to the case of mammalian PKG I, we obtained two spliced variants (PKG I␣ and PKG I␤) for medaka fish PKG I (EMBL accession numbers AB164050 and AB164051 for PKG I␣ and PKG I␤, respectively). Exon 1␣ of medaka fish PKG I consisted of a 360-bp 5Ј-UTR and a 257-bp coding sequence for 85 amino acids, whereas exon 1␤ consisted of a 239-bp 5Ј-UTR and a 305-bp coding sequence for 101 amino acids (Fig. 1) .
Temporal and Spatial Expression of Two PKG I-spliced Variants, PKG I␣ and PKG I␤, during Embryogenesis-To examine the differences in the temporal and spatial expression patterns between two PKG I isoforms, we performed reverse transcriptase-PCR analysis using isoform-specific primers and total RNA obtained from embryos at various developmental stages (Fig. 1) . Whole-mount in situ hybridization experiments using embryos at various developmental stages and each isoformspecific ribo-probe demonstrated that the expressions of both the PKG I␣ and PKG I␤ transcripts were first detected at the late gastrula stage (stage 15/16, Fig. 2) , although the maternal mRNA of PKG I␤ was detected weakly at stage 1 (Fig. 2) . PKG I␣ was expressed in the neural tube and at the lateral side at stage 22 (Fig. 3A) , and the expression became detectable at the gill arch and the margin of the otic vesicles at stage 30 (Fig.  3B) . These results are consistent with our previous results obtained with the probe common to mRNAs for PKG I␣ and PKG I␤ (10) . The signals because of PKG I␤ were detected only in the otic vesicles (Fig. 3D) .
The Effects of Injection of a PKG-targeted Morpholino Antisense Oligonucleotide on Medaka Fish Embryogenesis-To understand the roles of a major cGMP-target protein, PKG, during embryogenesis, we injected either one of two isoformspecific morpholino antisense oligonucleotides (PKG I␣-MO and PKG I␤-MO) into two-cell stage embryos and examined its effects on the development of the embryos under a light microscope. As shown in Fig. 4 , in the PKG I␣-MO (1.8 g/l)-injected embryos the degenerated cells were detected at the lateral side of the embryonic body, especially near the head region, at stage 17/18 (35 of 53 embryos; 66%). At stage 22, most of the embryos injected with PKG I␣-MO (1.5 g/l) exhibited hammer-like heads, presumably because of defects of the separation of the forebrain and eye field (44 of 80 embryos; 55%), and some of the embryos showed many malformations, such as fusion of the eyes, irregular somite border, and enlarged otic vesicles (Fig. 4) . Moreover, most of the embryos injected with PKG I␣-MO displayed a hook-shaped tail (Fig. 4) . In contrast, the embryos injected with PKG I␤-MO displayed severe defects only when the higher concentrations (over 4 g/l) of morpholino antisense oligonucleotide were administered. Co-injection of PKG I␣-MO and PKG I␣ mRNA or PKG I␤-MO and PKG I␤ mRNA into an embryo caused no severe defects in the embryos at later stages (data not shown).
The Influences of Overexpression of PKG I Constitutive Active Mutants on Embryogenesis-Gudi et al. (25) carried out experiments with several PKG I constructs and demonstrated that some of these constructs function as dominant negative mutants and others function as constitutive active mutants in mammalian culture cells. In this study, we made ⌬93V and ⌬349A mutants, which are constitutively active forms of PKG I (Fig. 5A ) and injected them into the medaka fish embryos, with the result that the embryos injected with these mutants displayed several abnormal phenotypes (Fig. 5B) . The ⌬93V-injected embryos (250 ng/l) displayed the phenotype with the enlarged forebrain and midbrain at stage 22 (52 of 91 embryos: 58%; Fig. 5B ). At 7 days after the introduction of the ⌬93V construct to embryos, the embryos exhibited the defective otic vesicles and displayed smaller eyes and enlarged tectum (Fig.  5B) . The ⌬349A-injected embryos (250 ng/l) displayed defects similar to those observed in the ⌬93V-injected embryos, although the degree of defects was more severe in the former. As shown in Fig. 5B , some of the embryos overexpressing the ⌬93V or ⌬349A mutants showed the double tail phenotype (for ⌬93V, 8%, 4 of 51 embryos; for ⌬349A, 24%, 21 of 87 embryos) (Fig.  5B) . Both of the trunks had distinct somites and notochords (Fig. 5B, f) , suggesting that the cGMP/PKG signaling pathway is involved in the formation of the axis during early embryogenesis. Fig. 5B , g-i, the injection of mRNA for a PKA inhibitor, PKI␣, caused the formation of abnormal eyes in the medaka fish embryos. The results obtained with zebrafish and medaka fish suggest that PKA is involved in the patterning of eyes in a manner opposite that of PKG I. It has been reported that PKA modulates the shhsignaling pathway through phosphorylation of an shh-target transcriptional factor, Gli, in vertebrates, and phosphorylation of Ci, a Gli-type zinc finger protein, in Drosophila (18). To determine whether or not PKG I is involved in the shh-signaling pathway, we examined the expression pattern of an shhtarget gene, HNF-3␤, in the medaka fish embryos in which the expression of PKA or PKG I was suppressed or ectopical. In the embryos injected with PKI␣, the expression of HNF-3␤ was expanded in almost the entire dorsal region, whereas in the embryos injected with PKG I␣-MO and constitutively active mutant of PKA (PKA*), the expression of HNF-3␤ was weak and the embryos exhibited severe defects (Fig. 6) . However, injection of PKG I did not cause any change in the expression of HNF-3␤ (Fig. 6) . Phosphorylation of Gli by PKG-It is known that the consensus phosphorylation sites (-R/K-X(1-2)-S/T-X-) for PKA are similar to those (-R/K(2-3)-X-S/T-X-) for PKG (26) . Gli3 and Ci proteins have been reported to contain several PKA phosphorylation sites that could be phosphorylated by PKG (27) . As shown in Fig. 7A , such potential phosphorylation sites are conserved among various species. We transfected the constructs for FLAG-Gli fusion proteins into NG108-15 neuroblastoma hybrid cells, in which the endogenous NO/cGMP signaling pathway components, including nitric-oxide synthase, soluble guanylyl cyclase (soluble GC), and PKG, were expressed (28) . In this way, we examined whether or not the Gli proteins were phosphorylated by PKG. Because it has been established that the phosphorylated form of mammalian Gli migrates faster than the unphosphorylated form of mammalian Gli in SDS-PAGE (29), we employed an SDS-PAGE with a 5% gel to separate and detect the phosphorylated form of Gli3. In the experiments, to avoid phosphorylation of Gli3 by the endogenous PKA, PKI␣ was co-transfected into NG108-15 cells with a construct for nitric-oxide synthase, soluble GC, or PKG I. As shown in Fig. 7B , a slower migrating protein band was detected in the lanes treated with S-nitroso-N-acetyl-penicillamine, 8-Br-cGMP, and co-transfected PKA*, whereas in the lanes treated with N-nitro-L-arginine methyl ester, a [12] [13] [14] [15] [16] [17] [18] primers. The resultant cDNAs were used for the PCR as a template. The expression of two isoform genes could be distinguished by PCR with the isoform-specific primers illustrated in Fig. 1 . The PCR products were run on 2% agarose gels and the gels were stained with ethidium bromide. 5, arrowhead) . G, injection of 1.5 g/l PKG I␤-MO caused no remarkable malformation. H, the embryo injected with higher concentrations of PKG I␤-MO (over 4 g/l) displays deformation.
The Reduced Expression of the shh-target Genes in the PKG I Knockdown Embryos-As shown in

FIG. 5. Effects of the overexpression of PKG on medaka fish embryogenesis.
A, schematic drawing of the N-terminal truncated mutants of PKG I. The ⌬93V mutant lacks the autoinhibitory/autophosphorylation domain, whereas the ⌬349A mutant is missing the autoinhibitory/autophosphorylation domain and the cGMP-binding domain (25) . NLS, nuclear localization signal. B, the PKG I-overexpressing embryos show eye formation similar to that of the PKI␣-injected embryos. a-f, the embryos injected with 250 ng/l PKG I-⌬349A; g-i, the embryos injected with 250 ng/l PKI␣. a, the dorsal view of the embryo at stage 20. The enlarged forebrain is indicated with asterisks. b, the 7-day-old embryo displays the smaller eye phenotype (arrowhead). d and e, an embryo exhibiting a more severe defect of the eyes. Arrowheads indicate disappearing eyes from the dorsal view (d) and side view (e). The asterisk indicates an enlarged tectum. c and f, the embryos with the most severe phenotype have a double trunk. An embryo at stage 20 (c) and the 7-day-old embryo (f). The distinct notochord is indicated by arrowheads in f. PKI␣-injected embryos are shown at stage 20 (g), 5 days of age (h), and 7 days of age (i). In h the arrowheads indicate a defect in eye formation.
oxide synthase inhibitor, and KT5823, a PKG selective inhibitor, no slower migrating protein band was detected (Fig. 7B) .
Furthermore, to confirm whether the phenotypes of PKGdeficient or -overexpressing embryos depend on the change of the transcriptional activity of Gli, we measured the Gli transcriptional activity under enhanced blocking of the NO/cGMP signaling pathway in NG108-15 cells (Table I ). As described in many previous reports, cAMP inhibits the transcriptional activities of all types of Gli. However, enhancement of NO/cGMP signaling or administration of 8-Br-cGMP did not change the transcriptional activities of any type of Gli.
DISCUSSION
In the present study, we isolated full-length cDNAs for medaka fish PKG I␣ and PKG I␤ and examined their temporal and spatial expression patterns during medaka fish embryogenesis. To date, there is little information on their differential expression patterns during embryogenesis, although it has been shown that both mammals and medaka fish possess two highly similar isoforms of PKG I (PKG I␣ and PKG I␤), and both isoforms are expressed in several adult organs (10, 30) . In this study, we demonstrated that PKG I␣ is expressed in the spinal cord, gill arch, and the margin of otic vesicles, whereas PKG I␤ is expressed exclusively in the otic vesicles (Fig. 3, B  and D) . In this regard, it should be mentioned that the cGMP signaling pathway has been shown to mediate axonal guidance and connectivity in vivo via PKG I␣, but not PKG I␤ (31) . This suggests that the main functions of PKG I␤ might not include important roles in early embryogenesis. In fact, as shown in Fig. 4 , no significant malformation was observed in the PKG I␤ knockdown embryos because of introduction of I␤-MO.
In a previous study, we demonstrated that soluble GC knockdown embryos exhibited abnormalities mainly in the central nervous system, including defects in eye formation and somitogenesis, and enlarged otic vesicles (10) . These were also the abnormalities seen in the PKG I␣ knockdown embryos. As shown in Fig. 4 , the I␣-MO injected embryos displayed a hookshaped tail. In consideration of this and our previous results showing the existence of the components of the NO/cGMP signaling pathway in the medaka tail tip (10), we speculate that the NO/cGMP/PKG signaling pathway may play an important role in the formation of the tail. Most of the embryos at stage 22 having many degenerated cells around the head displayed the weak cyclopic phenotype at the ventral forebrain, and some of the other embryos displayed a hammer-like head with apparent defects in the evaginating optic primordia (Fig.  4) . These may be caused by the defects because these degenerated cells were unable to accept appropriate signals because of disruption in separating the eye primordia. It has been reported that the precordal mesendoderm underlying the anterior neural plate secretes signals that are important elements for the induction and patterning of the ventral forebrain, especially eye formation (32) . On the contrary, introduction of PKG I mutants (⌬93V and ⌬349A), the translation products of which are constitutively active in mammalian culture cells (25) , caused embryo abnormalities such as forebrain enlargement, formation of smaller eyes, and double tail (Fig. 5) . We also detected the expression of the ventral midline marker HNF-3␤ in both tails, suggesting that overexpression of PKG I causes separation of the trunk because of the disruption of signaling from the mesendoderm.
It has been demonstrated that a notochord-and floor platesecreted factor, sonic hedgehog (shh), controls the dorsal-ventral patterning in the vertebrate neural tube (18) . In addition, many genetic and molecular evidence obtained from studies with Drosophila, zebrafish, and mice indicate that Hh and its homologues act so as to antagonize the PKA signaling pathway (18, 33, 34) . In zebrafish, it has been reported that the ectopic expression of the dominant negative form of PKA causes the alterations of eye and brain patterning and the formation of irregular somites mimicking the ectopic expression of Hh family members, although the injection of the constitutive form of PKA causes ventral-specific defects in the anterior central nervous system because of suppression of Hh signaling (16) , suggesting that shh acts in the ventral tube by blocking the constitutive PKA activity. As shown in Fig. 6 , the expression of a shh-target gene, HNF-3␤, was dorsally expanded in the PKI␣-injected embryos, whereas the embryos overexpressing PKG I exhibited normal expression of HNF-3␤. On the other hand, the embryos injected with PKG I␣-MO had severe defects in many organs, and the expression of HNF-3␤ in such embryos was reduced (Fig. 6) .
It has been shown that the exposure of chick neural tube explants to a membrane-permeable cGMP analogue, 8-BrcGMP, enhanced the response to shh in a dose-dependent manner (27) . This is in partial agreement with the results of our present experiments on the overexpression of PKG I, which did not increase the expression of the shh-target genes, implying that other molecules may be responsible for enhancing the shh signaling. It has been proposed that atrial natriuretic peptides are major ligands in the cGMP-signaling pathway in the neural tube of the chick explant system (27) . On the other hand, the expressions of neuronal nitric-oxide synthase and PKG I have been detected in the floor plate and dorsal root ganglia during embryogenesis (9, 10), whereas two upstream molecules of the PKA signaling pathway, pituitary adenylyl cyclase-activating peptide (PACAP) and its receptor (PAC 1 ), have been detected within the ventricular zone, most prominently in the dorsal region and the floor plate (35) . Moreover, the soluble GC-and PKG I-knockdown embryos displayed similar phenotypes, as described above. The expression patterns of the above described molecules on the neural tube suggest the possibility of cross-talk between the cAMP/PKA signaling pathway and the NO/cGMP/PKG signaling pathway in patterning the neural tube, although the involvement of the natriuretic peptide/ cGMP signaling pathway in neural patterning cannot be excluded. Zinc finger transcriptional factor Gli3 and its Drosophila homologue Ci were directly phosphorylated by PKA and cleaved into two fragments, of which the N-terminal fragment works as a transcriptional repressor. PKA is known as a negative regulator of Hh signaling (36) . Altaba (37) demonstrated that PKA inhibits the function of Gli1 and promotes the repressing activity of Gli3. As illustrated in Fig. 7A , vertebrate Gli3, a downstream transcriptional factor of shh, contains several consensus phosphorylation sites for PKG (-R/K-R/K-X-S/ T-X-) (26) . The putative consensus phosphorylation sites for PKA and PKG are known to be -R/K-X(1-2)-S/T-X-and -R/K(2-3)-X-S/T-X-, respectively. It has been reported that some proteins, such as the cAMP-response element-binding protein and actin-binding protein LASP (LIM and SH3 protein), could be phosphorylated by both PKA and PKG in the same residue (38 -40) , and cAMP and cGMP have almost polar opposite functions, a phenomenon that has been interpreted historically by the well known "Yin-Yang hypothesis" (41) . In developing dorsal root ganglion neurons, the cGMP/PKG signaling pathway has been suggested to participate in semaphorin 3A-induced growth cone collapse, whereas the cAMP/PKA signaling pathway participates in nerve growth factor-induced growth cone advance (42) . However, it is not known how a single molecule receiving signals from these different sources outputs signals to the different signaling pathways.
In the present study, as shown in Fig. 7B , we demonstrated that Gli3 is phosphorylated through the NO/cGMP/PKG signaling pathway in vivo, suggesting that some of the abnormalities found in the PKG-knockdown or PKG-overexpressing embryos were caused by inadequate phosphorylation of Gli3 by PKG I. Although in this study we did not identify the phosphorylated residues in Gli3, such information, if it could be ob- tained, would be useful for interpreting the differential function between PKA and PKG for phosphorylation of Gli3, as reported by Robertson et al. (27) . Recently, two research groups have demonstrated that the proteolytic processing of Ci, a Drosophila homologue of vertebrate Gli3, requires phosphorylation by kinases such as Shaggy/glycogen synthase kinase 3 and casein kinase 1, and the newly identified phosphorylation sites form clusters with previously described PKA sites at which phosphorylation by PKA induces subsequent phosphorylation by Shaggy/glycogen synthase kinase 3 and casein kinase 1 (43, 44) . Taking these facts together, we propose a differential phosphorylation mechanism by which the same phosphorylatable residues are phosphorylated by both PKA and PKG as follows: Gli3 acts as a "cross-walk" molecule with cross-talking signals between the cAMP/PKA signaling pathway and the cGMP/PKG signaling pathway, because it is possible that the changes in the phosphorylation state of a given signaling protein could influence the other signaling pathway. It has been reported that Gli3 mediates shh-induced Gli1 activation through the binding to the Gli1 promoter (45), suggesting that the changes in the transcription of Gli3 modulate the transcription of other genes in the Gli family. Our present data indicating that (i) the PKG I␣ but not PKG I␤ knockdown embryos exhibited the severe defects in forebrain development, (ii) the NO/cGMP/PKG signaling pathway played a role in the shh-signaling through phosphorylation of Gli3 in a manner opposite to that of the cAMP/PKA pathway, and (iii) the balance of cyclic nucleotides in cells determines the patterning of the central nervous system suggest that the cGMP signaling pathway is involved in vertebrate embryogenesis. However, there are many problems to be solved by future experiments. These include the mechanisms by which PKA and PKG activities are regulated in vivo and how the signals from different inputs are recognized during embryogenesis. Identification of the unknown downstream target proteins in the cGMP signaling pathway will be helpful for solving these problems.
